Aim To compare the effectiveness and safety of three activated irrigation techniques when removing pulp tissue from the isthmus of a transparent tooth model. The three techniques assessed were: the EndoVac (EV), passive ultrasonic irrigation (PUI) and ultrasonic wave aspiration (TUWA). Conventional syringe irrigation (CSI) was used as a control. Methodology A transparent tooth model was created using the mesial root of an extracted mandibular first molar that had an isthmus and two independent mesial canals. An artificial 0.3-mL cylindrical chamber was created below the apical foramen. The tooth was then cleared. After preparation, the root canals were filled with fuchsine-stained bovine pulp tissue. The irrigation protocols were compared in respect of their effectiveness at removing pulp tissue from the isthmus and their safety with regard to irrigant extrusion. For all four groups, 5.25% sodium hypochlorite solution was used as the irrigant. Photographs were taken and analysed using an imaging software. A Kruskal-Wallis test was used to detect the differences between groups (statistical significance was set at P < 0.05).
Aim To compare the effectiveness and safety of three activated irrigation techniques when removing pulp tissue from the isthmus of a transparent tooth model. The three techniques assessed were: the EndoVac (EV), passive ultrasonic irrigation (PUI) and ultrasonic wave aspiration (TUWA). Conventional syringe irrigation (CSI) was used as a control. Methodology A transparent tooth model was created using the mesial root of an extracted mandibular first molar that had an isthmus and two independent mesial canals. An artificial 0.3-mL cylindrical chamber was created below the apical foramen. The tooth was then cleared. After preparation, the root canals were filled with fuchsine-stained bovine pulp tissue. The irrigation protocols were compared in respect of their effectiveness at removing pulp tissue from the isthmus and their safety with regard to irrigant extrusion. For all four groups, 5.25% sodium hypochlorite solution was used as the irrigant. Photographs were taken and analysed using an imaging software. A Kruskal-Wallis test was used to detect the differences between groups (statistical significance was set at P < 0.05).
Results No group was associated with extrusion of irrigant beyond the apex. Significant differences were observed between the groups: TUWA was the most effective technique at removing pulp tissue from the isthmus (3.39 mm 2 ; standard deviation (SD) = 0.67; range = 1.25-3.69), followed by PUI (2.16 mm2; SD = 0.38; range = 1.37-2.96), EV (0.73 mm 2 ; SD = 0.14; range = 0.49-0.98) and CSI (0.27 mm 2 ;
Introduction
Root canal irrigants primarily act as a vehicle for the removal of debris and infected material (Bystr€ om & Sundqvist 1981) . In addition, depending on the irrigant used, it may have additional bactericidal (i.e. sodium hypochlorite) (Bystr€ om & Sundqvist 1983) and hard tissue-dissolving properties (i.e. ethylenediaminetetraacetic acid -EDTA) (Moorer & Wesselink 1982) . Conventional syringe irrigation (CSI) has been considered the gold standard for many years; nevertheless, several limitations have been highlighted (Gu et al. 2009 ). Root canal irrigants, particularly aqueous solutions, are unable to effectively reach the apical portion of the root canal, especially in the early stages of root canal preparation (Bronnec et al. 2010) . The complexities of the root canal system are well documented (Hess & Zurcher 1925 , Vertucci 2005 and include fins, grooves, isthmus anastomoses and lateral canals, which are inaccessible to instrumentation and irrigation (Gutarts et al. 2005 , Burleson et al. 2007 . Furthermore, with the shorter preparation times afforded with contemporary enginedriven nickel-titanium instrumentation, the resultant irrigation time may be significantly reduced (Sch€ afer & Zapke 2000) . A number of activated irrigation devices and techniques have been developed to enhance disinfection of the root canal system. The objectives of these techniques are to facilitate irrigant flow in the otherwise inaccessible root canal complexities and improve irrigant exchange in the apical region of the canal (Paragliola et al. 2010 , Malentacca et al. 2012 . The shift in focus towards developing more efficacious irrigation techniques has called for further research in the area.
A number of laboratory models have been used to evaluate both irrigation devices and irrigants themselves. However, few models are able to accurately reproduce the complex root canal anatomy found in a natural tooth (Dummer et al. 1991 , Al-Jadaa et al. 2009 ). Extracted teeth have been used to assess irrigation techniques; however, in these studies, the roots require sectioning in order to assess root canal cleanliness. Furthermore, the same root cannot be used for repeat testing, and therefore, such studies lack reproducibility. Authors have attempted to overcome these limitations using decalcified teeth (Venturi et al. 2003) . Unfortunately, decalcified specimens undergo significant changes in chemical and physical structure resulting in them becoming softer and susceptible to damage during experimental procedures.
Recently, an experimental technique using transparent teeth without altering their physical properties has been reported (Malentacca & Lajolo 2015) . This model permits the standardized testing of irrigation techniques within a natural tooth and its inherent complexities (Malentacca & Lajolo 2015) .
The aim of this study was to compare the effectiveness and safety of three activated irrigation techniques when removing pulp tissue from the isthmus of a transparent tooth model. The study considered only the isthmus because it represents one of the most challenging parts of the root canal system to clean (Susin et al. 2010) . The three techniques being assessed were the EndoVac (EV), passive ultrasonic irrigation (PUI) and ultrasonic wave aspiration device (TUWA). The EndoVac technique (Nielsen & Baumgartner 2007) consists of an aspirating microcannula which is moved back and forth up to the working length, causing irrigant flow from the pulpal chamber to the apical region. The PUI technique ( Van der Sluis et al. 2005 uses a smooth ultrasonic instrument which activates the irrigant in the canal. The ultrasonic wave aspiration technique has characteristics of both these techniques: it consists of a needle that aspirates the irrigant whilst activating it through ultrasonic vibrations (Malentacca et al. 2012) .
The null hypothesis is that there is no difference in the abilities of the three techniques to clean the isthmus area.
Materials and methods
One hundred and twenty extracted mandibular first molars were prepared using a previously described technique (Malentacca & Lajolo 2015) . Briefly, the roots of extracted first molars with vital pulps were thoroughly cleaned and the pulp chamber was opened. The roots were first immersed in ascending concentrations of alcohol up to absolute alcohol (alcohol solutions at 30%, 50%, 80%, 96% and absolute alcohol -5 min for each dilution) to ensure that the dentine lost its opacity and the roots become transparent. The pulp tissue and the root canal system were stained with modified Mallory's mixture (Spielman & Joseph 1995) and, with the use of a microscope, the mesial roots were ground down until the canals were reached. The specimens were then placed in methyl benzoate (for 48 h) and then in xylene. The sections were finally embedded in a cyanoacrylate glue. Once the teeth had been cleared, a single root was chosen for study: the selected root had a wide isthmus ( Figure 1 ) and two independent mesial canals. The same root was used for all experimental stages. After transparency was achieved, the working length was determined using a size 10 K-file (Dentsply Maillefer, Ballaigues, Switzerland) by observing the file tip at the anatomical apical foramen using an operating microscope. The root canals were then prepared with a size 35, .06 taper, FlexMaster rotary file (VDW, Munich, Germany). A wax cylinder (2 mm in diameter and 1 mm thick) with a volume of 0.3 mL (to simulate a periapical lesion) was positioned below the apical foramen. Patency was confirmed with a Efficacy of three activated irrigation techniques Malentacca et al. size 30 K-file (Dentsply Maillefer), after which the tooth and artificial apical chamber were encased in epoxy resin and hardened under pressure to avoid air inclusion (Figure 1) .
A hole in the apical chamber was used to fill the root canal system with bovine pulp tissue; the hole was closed with a screw from the Metalift System (Classic Practice Resources Inc., Baton Rouge, CA, USA). The apical chamber was emptied of wax with a steam jet after which the entire root canal system and apical chamber were filled with bovine pulp tissue stained with fuchsine as described previously (AlJadaa et al. 2009 ). After each test, the root canal space was filled with the stained bovine pulp tissue and its quality was checked using an operating microscope (Surgical Leica Microscope, Leica Microsystems, Wetzlar, Germany).
Each canal was prepared independently, whilst the other canal orifice was sealed with wax to ensure no pulp tissue was pushed out through this opening. The tests were performed in the following sequence (one device at a time): conventional syringe irrigation, EndoVac, passive ultrasonic irrigation and ultrasonic wave aspiration for a total of 30 samples for each technique. A total of 120 tests were performed.
Root canal irrigation protocols (Figure 2)
For all four groups, room temperature 5.25% sodium hypochlorite solution was used as the irrigant. The cleaning efficacy of the irrigant was measured by evaluating the amount of fuchsine remaining in the root canal system. The duration of each test for all four groups was 4.5 min. All the trials were performed by the same operator.
For group 1 (CSI), the irrigant was initially delivered over 30 s and then replenished every 30 s until the 4.5 min had elapsed. The irrigant was delivered with a 25 G, side-vented needle, 2 mm from the apical foramen.
In group 2, the EV technique was used as described previously (Nielsen & Baumgartner 2007) . Briefly, the EV was activated for 30 s and moved back and forth to working length using the microcannula. The irrigant was then replenished and left in the canal for 1 min. This sequence (30 s of EV activation and 1 min of irrigant flooding) was repeated three times to total 4.5 min. For the PUI technique, a passive ultrasonic ESI file (EMS, Nyon, Switzerland) was used. The activated file was moved back and forth within the canal to within 2 mm of the working length for 30 s ( Van der Sluis et al. 2005 . The irrigant was replenished and left in the canal for 1 min. This sequence (30 s of PUI and 1 min of irrigant flooding) was repeated three times to total 4.5 min. The Satelec ultrasonic unit (Pmax XS, Satelec Acteon, Merignac, France) was used at a power setting 7 for all tests.
For the ultrasonic wave aspiration technique (TUWA), the activated needle was placed no further than 2 mm from the apical foramen with a back and forth movement for 30 s. The irrigant was replenished and left in the canal for 1 min. This sequence (30 s of TUWA activation and 1 min of irrigant) was repeated three times to total 4.5 min. The Satelec ultrasonic unit was used at a power setting 7 for all tests.
TUWA device
The device consisted of a Satelec ultrasonic unit (Pmax XS, Satelec Acteon) and an E1 120n endodontic file holder (Mectron, Genova, Italy). The prototype ultrasonic needle used for this technique was composed of three concentric needles inserted within each other. The needles had the following dimensions (Figure 3 • 3°needle: 19 G (outer diameter: 1.067 mm, inner diameter: 0.680 mm) The three needles were welded together and connected with a Luer-Lock needle to a high volume aspiration unit (Figure 3) .
For all three experimental techniques, the devices were activated and used for 30 s after which the irrigant was replenished and left in the canal for 1 min. The sequence was repeated three times ( Figure 2 ) with a total of 50 mL of sodium hypochlorite solution being used for each experiment. The irrigant was delivered with a 10-mL syringe into the pulp chamber, ensuring that this region was flooded throughout the activated irrigation phases.
Pulp tissue removal and irrigant extrusion (measured from the isthmus entrance to the opposite canal) were the main outcome measures of the study. Both parameters were evaluated using photographic images and calculation of the area of the dissolved tissue (Figure 1) . Photographic images were taken using a 22-megapixel digital camera (Canon 5D II, Tokyo, Japan) and macro lens (Canon 100 f2.8). Images were taken at two time-points: at the start and at the end of each experiment. Images were taken perpendicular to the root section, always with the same intensity of light and at the same distance, in a backlit box with a slot for the root section. The photographic images, bearing a unique digital code number, were assessed by one blinded examiner. Both the penetration of the irrigant into the isthmus and the extrusion of sodium hypochlorite beyond the apex were measured by comparing the pre-and post-experiment images as described previously (Malentacca et al. 2012) . Briefly, observation of the colour change in the isthmus pulp tissue treated with a mixture of Mallory was carried out. The discoloured area was then calculated using the Photoshop 'analysis' tool (Adobe Systems Inc, San Jose, CA, USA; Figure 1 ). The intra-examiner reliability was tested by analysing the same images five times after different intervals by intraclass coefficients (ICC = 0.93; 95% CI = 0.79-0.98).
All of the images were analysed with Adobe Photoshop Cs5 Extended software, using the same reference scale for all of the images. Areas were bordered with 'lasso tool' and then measured with the 'analysis' tool.
Statistical analysis
The quantitative variables were tested for normal distribution using the Shapiro-Wilk test. Because the TUWA and PUI groups did not demonstrate a normal distribution, the Kruskal-Wallis nonparametric test was used to detect differences between these groups. It was decided to perform 30 tests for each cleaning technique as a number of previously published studies had used 15-20 tests per group and found significant differences (Malentacca et al. 2012) . Statistical significance was set at P < 0.05. Statistical analysis was performed using Intercooled Stata 8.0 software (Stata Corporation, College Station, TX, USA).
Results
Apical extrusion: no group was associated with extrusion of the irrigant beyond the apex suggesting that they were safe under the experimental conditions.
Isthmus cleaning: the results for isthmus pulp dissolution are summarized in Table 1 . Significant differences were observed between the groups (P < 0.001). The ultrasonic wave aspiration technique removed more pulp tissue from the isthmus, whilst CSI was less effective. Figure 4 shows the distribution of isthmus cleaning for each technique. TUWA completely cleaned the isthmus in 24 cases, whilst there was incomplete pulp tissue removal in the remaining six samples. However, when considering the level of isthmus cleanliness in these samples, they were still cleaner than with any of the samples assessed after irrigation with the EV or CSI. Furthermore, although PUI was more effective at cleaning the isthmus than the EV or CSI, neither of these techniques were able to render the isthmus region completely clean. Images illustrating the results are shown in Figure 1 .
Discussion
This study aimed to compare three different activated irrigation techniques using a transparent tooth model. The model used in the current study was shown to be stable and provided an affordable method of assessment for the irrigation techniques being evaluated. In a preliminary experiment, the stability of the model was verified after 4 h of ultrasonic needle activation which was consistent with the total experimental time in the current study. The apex underwent a total deformation of 0.05 mm which was attributed to increased oscillation of the needle tip. The apical enlargement, albeit minimal, may have favoured irrigant extrusion into the artificial apical chamber. However, this finding was not observed in the current study. To minimize the potential effect of apical third enlargement, the tests were performed in a specific sequence: CSI, EV, PUI and then TUWA. Furthermore, in the preliminary study, it was noted that for the ultrasonic devices, in particular, the isthmus was easily cleaned leading to irrigant movement in the adjoining canal. This resulted in complete cleaning of the entire root canal system preventing accurate assessment of the irrigation technique per se. For this reason, it was decided to prepare only one canal and close the other orifice with wax in order to avoid irrigant movement throughout the root canal system.
A previous laboratory study (Malentacca et al. 2012) evaluated the safety and effectiveness of irrigation at different working lengths for an ultrasonic irrigation needle in aspiration mode (IUNA -ProUltra PiezoFlow Irrigation Ultrasonic Needle; Dentsply Tulsa Differences between groups: Kruskal-Wallis P < 0.001.
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International Endodontic Journal, 51, e35-e41, 2018 Dental Specialties, Tulsa, OK, USA) which works similarly to the TUWA device. When IUNA was used 3 mm from the apex, the technique achieved safe but incomplete cleaning of the root canal system. When used 1 mm from the apex, IUNA caused minimal irrigant extrusion. The findings of this study inferred that the TUWA device should be used 2 mm from the apex. Under the experimental conditions of the current study, TUWA cleaned all of the root canal system. Furthermore, TUWA efficiently cleaned all of the lateral spaces (isthmus) and part of the other root canal without any associated irrigant extrusion. However, in a pilot study, some tests were performed using the TUWA at working length and hypochlorite extrusion occurred as previously shown. In the current study, EV was shown to be a safe technique in respect of irrigant extrusion. This finding is in agreement with those of other studies, which have demonstrated the advantages of a negative pressure technique (Nielsen & Baumgartner 2007) . However, under the current experimental conditions, the EV had limited effectiveness in cleaning the isthmus region. Only a minimal amount of pulp tissue within the isthmus, beyond the tip of the EV, was removed. The results of this study demonstrate that the lateral cleaning ability of the EV appears to be less favourable than those published in previous studies (Haapasalo et al. 2014) . Although EV provided more effective irrigation than CSI, it was less effective at removing pulp tissue from the isthmus when compared with TUWA and PUI. These results are not in agreement with previously published studies, which proposed that EV can achieve good isthmus cleaning in the mesial roots of mandibular molars (Susin et al. 2010) . The findings of the current study are similar to those reported recently (Haapasalo et al. 2014) , which demonstrated inferior isthmus cleaning of EV when compared with the Multisonic Ultracleaning System (Sonendo Inc, Laguna Hills, CA, USA).
The increased pulp dissolution efficiency of TUWA and PUI when compared with EV could be explained by the physical and chemical actions of the techniques. The unique dynamic fluid movement facilitated by the ultrasonic techniques is well established (Weller et al. 1980) . Irrigant flow occurs in multilinear directions as a result of acoustic streaming and possible cavitational effects (Ahmad et al. 1987 (Ahmad et al. , 1988 . Furthermore, the heat generated by ultrasonic activation has been shown to increase the chemical action of sodium hypochlorite (Malentacca et al. 2012) .
The main limitation of the current model was that the bovine pulp tissue was packed into the root canal system and therefore lacked any physical attachment to the root canal dentine, which occurs with the biofilm phenotype. However, to conduct such a study in vivo or ex vivo, it would be necessary to use multiple teeth, which would then provide nonstandardized comparison of the irrigation techniques.
Conclusions
This study evaluated two important aspects of root canal irrigation: effectiveness of pulp tissue elimination and irrigation safety. Dissolution of artificial pulp tissue beyond the apex was not observed in any test, thereby demonstrating that all of the evaluated techniques were safe in this regard. In respect of isthmus cleaning, the ultrasonic wave aspiration technique (TUWA) was the most effective method. The proposed ultrasonic wave aspiration needle prototype, which consists of three concentric needles, proved to be fracture resistant, with no needle breakages being observed.
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